The effect of phorbol 12-myristate 13-acetate (PMA) on diacylglycerol lipase activity was examined in rat serum, tissue, and cellular preparations by using di [3H]palmitoylacetylglycerol, and membrane-resident phospholipase C-generated diacylglycerols as substrates. These experiments were conducted to address whether phorbol esters can mimic diacylglycerols in interacting with enzymes other than protein kinase C. Collectively, these data demonstrate that PMA, which is now thought to act by mimicry of diacylglycerols, can inhibit the action of diacylglycerol lipase. It is possible that such a mechanism is linked to the multiplicity of responses elicited by phorbol diesters and that other agents may function by means ofenzyme interactions (post-phospholipase C) to influence the levels ofthe cellular diacylglycerol mediators.
It now appears that the biological activity oftumor-promoting phorbol diesters is due, in part, to the ability of these agents to mimic the action of diacylglycerols (1) . Many recent works have shown that diacylglycerols and synthetic diradyl analogs are active at the cellular level in producing effects similar to phorbol diesters-i.e., activation ofprotein kinase C (2-5), induction of differentiation of cultured leukemia cells (6, 7) , modulation of epidermal growth factor (8, 9) , and induction of ornithine decarboxylase (9, 10) . The phorbol diester receptor, protein kinase C (11, 12) , requires calcium, phospholipid, and diacylglycerols for maximal activity (13) ; however, protein kinase C can be stimulated directly by phorbol 12-myristate 13-acetate (PMA), circumventing the natural receptor-mediated hydrolysis of phosphatidylinositol by phospholipase C (14) (15) (16) . By utilizing an enzymatic approach and showing that PMA is hydrolyzed by diacylglycerol lipase (17) , we were able to substantiate the idea that phorbol diesters mimic diradyl glycerolipids. This lipase, which was discovered in rat serum (18) , hydrolyzes the long-chain acyl groups of PMA, diacylglycerol, and acylacetylglycerol (17, 19) , and the hydrolysis of these substrates is inhibited by the diacylglycerol lipase inhibitor RHC 80267 (20) .
Although several enzymes that degrade PMA have been studied (21) (22) (23) , information about the true substrate specificity of these enzymes is lacking. An esterase has been purified from murine liver cytosol that hydrolyzes the 12-ester group of phorbol diesters and inhibits the binding of phorbol dibutyrate to its receptor (24) . A murine serum esterase, hydrolyzing PMA, has likewise been purified; in this instance the synthetic substrate p-nitrophenyl acetate was also effectively hydrolyzed (25) . In the course of our studies on substrate specificity of the rat serum lipase, it was shown that the diradylglycerol compound 1-palmitoyl-2-acetyl-sn-glycerol (PamAcGro) was hydrolyzed at 120 and 225 times the rate of PMA and dioleoylglycerol (Ole2Gro), respectively (19) . Thus, the diradyl lipids similar in structure to oleoylacetylglycerol are the preferred substrates. These compounds have close structural analogy to the long chain-short chain diradyl grouping of PMA. Such structural similarity and the demonstration that these diradyl lipid analogs can support protein kinase C activity (3) prompted this investigation to assess the effects of PMA on the enzymes of diacylglycerol metabolism. These data demonstrate that PMA is an inhibitor of diacylglycerol hydrolysis. The inhibition is competitive (serum enzyme), suggesting that glycerolipid and phorbol diester bind to the same site on the enzyme. Further, when tested in a membrane milieu, the more physiological site for PMA interaction, the tumor promoter was also found to inhibit the enzymatic hydrolysis of diacylglycerols. Thus, the possibility exists that phorbol diesters also function as inhibitors of enzymes that control the levels of intracellular diacylglycerols. To harvest, the spent medium was decanted; monolayers were rinsed two times with phosphate-buffered saline (136 mM NaCl/2.6 mM KCl/1.4 mM KH2PO4/8.0 mM Na2HPO4), and cells were collected by treatment with 0.1% trypsin. The cell pellets were again washed with ice-cold phosphate-buffered saline, taken up in 2.0 ml of 0.25 M sucrose/5.0 mM Tris HCl, pH 7.1, and sonicated. Cell sonicates were stored at -20'C and used in the experiments as described below. The same procedure was followed to obtain nonlabeled cell-free preparations for enzyme assay.
MATERIALS AND METHODS
Substrate Preparation. HL-60 cells (29) were maintained in RPMI-1640 medium with 10% fetal bovine serum, and [3H]PamAcGro was prepared as follows (using cell cultures). Cells, 1.5 x 106 per ml, were incubated for 24 hr in 10 ml of chemically defined serum-free RPMI-1640 medium (30, 31) containing 250 ,Ci of [9, 10-3H]palmitic acid (23.5 Ci/mmol), added in 15 ,l of absolute ethanol. Cells from two 75-cm2 flasks were then harvested and washed two times, and the lipids were extracted (32) . Of the 280 ,Ci of radioactive lipid obtained, 54% resided in the phosphatidylcholine fraction, which was isolated by preparative thin-layer chromatography on silica gel H in a solvent system of chloroform/methanol/ acetic acid/water (50/25/8/1, vol/vol).
[3H]Palmitate-labeled phosphatidylcholine was deacylated by treatment with 20 units of phospholipase A2 for 2 hr (33). Acetylation of the lyso derivative, phospholipase C (B. cereus) treatment, and purification by thin-layer chromatography on borate-impregnated plates were carried out as described previously (3, 19) . To obtain the desired radiospecific activity, the purified 1-[9,10-3H]palmitoyl-2-acetyl-sn-glycerol was diluted with nonlabeled PamAcGro, which was synthesized by acetylation of palmitoyl lysophosphatidylcholine and phospholipase C hydrolysis (3). Radiolabeled Ole2Gro was synthesized by treating tri[carboxyl-14C]oleoylglycerol with R. delemar lipase (19) .
Enzyme Assays.
[3H]PamAcGro hydrolysis was assayed at pH 8.0 (Tris HCl buffer), using delipidated rat serum powder as enzyme source (17, 19) . The product, [3H]palmitic acid, was quantitated by thin-layer chromatography as previously described (19) . Rat brain microsomes (34) and C3H/10T½2 cell sonicates were assayed at pH 8 (Tris HCl buffer) and pH 6.6 (sodium phosphate buffer), respectively, using [3H]PamAcGro and [14C]Ole2Gro as substrates. The incubation mixtures contained, in a total volume of 0.2 ml, 2 nmol of substrate, added in 10 ,ul of acetone, 25 ,tmol of buffer, and aliquots of enzyme preparation (1-20 ,ug of protein). Reactions were terminated by lipid extraction (32) , and radiolabeled fatty acid was quantitated by thin-layer chromatography of the lipid extract, using a solvent system of hexane/ diethyl ether/acetic acid (60:40:1, vol/vol).
To follow the hydrolysis of membrane-generated To assess the effects of PMA on lipase action at the membrane level, experiments were conducted with rat brain microsomes, which are known to contain diacylglycerol lipase (38) , and C3H/10T½2 cells, which have not been assayed previously for lipase activity. Enzyme activity in these preparations was established from linear kinetics with (20) . Fig. 2 shows that the hydrolysis of PamAcGro by rat brain microsomes and C3H/10T½ cells is inhibited, in a dose-dependent manner, by PMA. At a molar ratio of 1:4 (PamAcGro to PMA), PMA caused a 58% inhibition of C3H/10T½2 cell lipase, and at a molar ratio of 1:5 PMA produced a 57% inhibition ofthe rat brain enzyme. RHC 80267, introduced at 1, 5, and 10 ,uM, strongly inhibited PamAcGro hydrolysis by rat brain microsomes (Fig. 2) Because PMA did not inhibit Ole2Gro hydrolysis when enzyme and substrate were added separately, another system was devised to examine the effects of PMA on the hydrolysis of long chain diacylglycerols. Lipase activity was assayed in a cell-free system wherein intramembrane diacylglycerols were generated from phospholipids by the addition of phospholipase C. As shown in Table 2 , C3H/10T½2 cells, prelabeled with [3H]palmitic acid, contained the majority (84%) of the radioactivity in the phospholipid fraction (immediate extraction). Only 2.6% of the cellular radioactivity was associated with diacylglycerols and free fatty acids. The control incubation (60 min at 37°C) showed that a small decrease in phospholipid radioactivity occurred with an increase in 3H-labeled fatty acid, indicating either an enzymatic or nonspecific loss of phospholipid radioactivity. Phospholipase A1 activity could not be detected. Upon addition of phospholipase C, a marked decrease in phospholipid 3H (4781 cpm) occurred and was accompanied by increases in diacylglycerol and free fatty acid radioactivity (4826 cpm, combined). The inclusion of either PMA or RHC 80267 in the incubation mixture reduced the production of (43) . These data demonstrate that phorbol diesters inhibit the hydrolysis of diacylglycerols. If it is of physiological significance, it may be argued that such an action would be redundant because phorbol diesters act in place of diacylglycerols; however, the structural requirements of phorbol diesters to act as promoters on mouse skin vs. the structure-activity relationships for protein kinase C activation are not clear. Leach and Blumberg (44) have shown that the weak tumor promoter 4-0-methyl-PMA, although 1/30th as effective as PMA, will activate mouse brain protein kinase C. Our studies show that 4-0-methyl-PMA is nearly as effective as PMA in inhibiting PamAcGro hydrolysis by the serum enzyme. Recent work by Kreutter et al. (45) suggests that cellular effects of PMA other than or in addition to activation of protein kinase C are important in the phorbol diester-induced differentiation of HL-60 leukemia cells. In this instance, the biological effects of the diacylglycerol lipase inhibitor RHC 80267 (20) may, through modifying the levels ofdiacylglycerol, influence protein kinase C activity as does PMA. With further studies we may soon be able to divorce the structural requirements of the diradyl grouping of phorbol diesters from the phorbol backbone, for it is likely that the multitude of effects elicited by phorbol diesters are dependent on either the entire molecule (phorbol plus esterified fatty acids) or only the diacylglycerol-like portion.
